Abstract Carbon-fiber electrodes (CFEs) are the gold standard for quantifying the release of oxidizable neurotransmitters from single vesicles and single cells. Over the last 15 years, microfabricated devices have emerged as alternatives to CFEs that offer the possibility of higher throughput, subcellular spatial resolution of exocytosis, and integration with other techniques for probing exocytosis including microfluidic cell handling and solution exchange, optical imaging and stimulation, and electrophysiological recording and stimulation. Here we review progress in developing electrochemical electrode devices capable of resolving quantal exocytosis that are fabricated using photolithography.
Introduction
Quantal release of neurotransmitters is a fundamental step of synaptic transmission. Neurons and neuroendocrine cells communicate with their target cells by releasing Bquanta^of neurotransmitters as individual intracellular vesicles fuse with the plasma membrane and release their contents into the extracellular space (exocytosis). Electrochemical detection of exocytosis has been widely investigated since the early 1990s, taking advantage of the oxidation reaction that occurs at the surface of polarized carbon-fiber microelectrodes (CFEs) [19, 88, 89] . In constant-potential amperometry, oxidation of electroactive molecules occurs rapidly following diffusion of the molecules to the electrode surface, therefore each release event (quantum) produces a pulse or spike of amperometric current if the electrode is nearby the release site on the cell surface. CFEs have been proven to be excellent tools for investigating the quantal nature of exocytosis, exhibiting excellent signal-to-noise ratio and fast response time and are therefore considered as the gold standard for measurements of quantal exocytosis of electroactive molecules [19] .
Quantal electrochemical measurements reveal at least three distinct stages within the exocytotic event: a small increase in current amplitude, corresponding to the catecholamine efflux through the fusion pore (foot) [1, 19] ; a rapid rise to a maximum spike amplitude value, associated to the increased catecholamine flux during the full pore expansion; a final exponentially descending phase, consistent with chemical dissociation of the intravesicular matrix or gel and the declining content of the vesicle [73] . Abrupt declines in current, presumably due to rapid closing of the efflux pathway before the vesicle is emptied, have also been reported [55, 84, 100] . As shown in Fig. 1 , the following spike parameters are often quantified: (i) amplitude and duration of the foot, interpreted as the slow leak of secreted molecules through the nanometer-sized fusion pore preceding complete dilation, (ii) height of the spike, corresponding to the maximum oxidation current. This parameter decreases with increasing distance between the electrode and cell due to diffusional delay [39] ; (iii) spike area, evaluated as the amount of catecholamines detected per release event (charge, Q) [73] . For example, in bovine chromaffin cells it has been estimated that approximately 2-3 million molecules can be detected for each unitary event [19] ; (iv) radius of the vesicle, estimated from Q 1/3 , assuming spherical vesicles storing a uniform concentration of molecules [13, 28, 88] . Also, kinetic parameters of the exocytotic event can be quantified, such as time to maximum current (t p ) and the half-time width of the spike (t h ) [12, 58, 74] .
Whereas CFEs are excellent tools to resolve and quantify quantal exocytosis, probe electrodes suffer from some limitations. CFE amperometry is a time-consuming process because the probe must be positioned to the surface of the cell using a micromanipulator under observation with a microscope. Experiments are performed from only one cell at a time whereas a large number of cells must be tested to determine if an experimental condition changes quantal parameters because of substantial cell-to-cell variability [22] . Thus this approach is not practical for drug or toxicity screening. In addition, the sensing area of the carbon fiber tip (approximately 5 μm radius) limits both the spatial resolution of exocytosis and the fraction of the surface area of the cell where release is detected [16] .
As described in this review, these limitations can be overcome using microelectrode arrays fabricated using photolithography. Microfabrication not only allow almost unlimited flexibility in economically patterning large numbers of electrodes with any desired dimensions, but also can take advantage of a wider choice of materials, both for working electrodes and insulation layers [3] . Recording amplifiers can be integrated with the electrode arrays using CMOS technology to enable truly high throughput. The cell culture chamber can be integrated with the electrode arrays [23] , and stimulating electrodes, microfluidic solution exchange, and electrophysiological measurements [14] can be included on the chips. Finally, transparent devices enable experiments that simply cannot be carried out using CFEs, particularly the combination of fluorescent imaging of the release site simultaneous with electrochemical recording of the released quantum [48, 56] .
Guiding design principles of the array geometry, either selectively designed for the analysis of cell populations or else for subcellular mapping of exocytosis (see [5] for a recent review), should fulfill some requisites, such as keeping cells close to the electrodes (within several micrometers), in order to reduce the diffusion distance and allow released catecholamine molecules to reach the electrode surface within a short time interval [18, 72] . In addition, sensing electrodes must be small (hundreds of square micrometers or less) in order to have low enough noise to resolve quantal exocytosis (see BDeterminants of noise^section, [94] ). Even smaller electrodes (~10 μm 2 or less [35, 86] ) are needed for subcellular localization of release (see BMultisite subcellular detection of exocytosis^section). Another design principle is that ideally each electrode only records from a single cell so that cell-tocell heterogeneity is revealed. This is accomplished by making electrodes small or constraining cells so only one cell is trapped adjacent to an electrode [26, 52] .
Parallel or multiplexed detection simultaneously performed by different working electrodes is suitable for automated multisite and non-invasive detection of quantal exocytosis, thus lowering the cost per measurement, and enabling drug screening as well as toxicity analyses (e.g., [24, 41] ).
The scope of this review is limited to electrochemical devices designed for quantal release detection and fabricated by means of photolithography. We will first provide an overview of the steps required for microchips realization, including microfabrication and electrical connection. Subsequent sections describe the materials commonly used for the working electrodes and insulating layers, and an analysis of the main noise sources is presented. Cell localization to the electrodes is discussed as well as approaches for stimulating exocytosis on microchip devices. Finally, we will address multisite subcellular detection of exocytosis and the combination of optical and electrochemical measurements.
Sample microfabrication process
Fabrication of the electrode arrays is carried out using photolithography. Whereas the steps for fabricating microelectrode arrays vary considerably based on the type of array and the materials used, a sample process is illustrated in Fig. 2 in order to orient those who are less familiar with microfabrication techniques. Fig. 1 Amperometric spike recorded from a bovine chromaffin cell using a carbon-fiber electrode (CFE). The distinct phases of the exocytotic event (foot, rising phase, decaying phase) can be quantified, as detailed in the text. Arrows indicate the event duration (start, end) and the presence of the foot (oblique dashed line). Thick lines represent the ascending slope on the rising phase and spike exponential decay. Max indicates the maximum oxidation current. t p is the time to reach the spike maximum and t h is the duration that the spike exceeds the half-maximal value. Analysis performed using the software BQuanta Analysis,^by Eugene Mosharov [58] 1. A conductive film is deposited on an insulating substrate such as glass. In steps 2 and 3, the conductive film is patterned to serve as both the working electrodes and the conductive pathways (Bwires^) to carry the current to pads around the perimeter of the chip that serve as the connection points to external amplifiers (also see Fig. 3 ). 2. A photoresist in liquid form is applied in a spin coating process followed by a baking step to result in a solid, light-sensitive film. The wafer is exposed to light through a mask to selectively illuminate portions of the photoresist. In the case of a negative-tone photoresist, the areas exposed to light are removed through a chemical development process. 3. This is followed by an etching step whereby the conductive film is removed in some areas, leaving behind only those regions protected by the overlying photoresist. The residual photoresist is then stripped using an organic solvent, completing the transfer of the pattern from the mask to the photoresist to the conductive film. 4. An insulating material is deposited on top of the patterned conductive film. Insulating the bulk of the conductive traces that contact the cell bath is necessary to decrease background noise. 5. Small openings in the insulating film are patterned using photolithographic processes similar to those of the preceding steps. These openings define the working electrodes for exocytosis measurements. The thick photoresist SU8 can be used as an insulating material that can be directly patterned using mask exposure and development. An opening in a thick insulating layer can also serve as a microwell to trap individual cells directly over the working electrode. 6. Wafers are diced into individual chips and packaged to make electrical connections to external amplifiers and to add a chamber to hold cells in a bath solution (Fig. 3 , described in further detail in the next section). Cells are seeded on the device and settle on the electrodes. A nonpolarizable (e.g., Ag/AgCl) electrode makes contact with the bath solution to serve as the ground/reference. The voltage of the working electrode is held at a potential that is sufficient to oxidize catecholamines (typically 0.6 V relative to ground). An amperometric spike is recorded when the transmitter released from a vesicle is oxidized on the surface of the underlying electrode (Fig. 2, bottom) .
Connecting/packaging microchip electrode arrays
Once electrode array microchips are fabricated using photolithography, a significant task is to package the chips to enable cells in solution to be added and to support the acquisition of data using potentiostats and digitizers. Electrical connection of microchips to external devices is generally carried out using conductive pads arranged around the perimeter of the chip. In the example depicted in Fig. 3 , the microchip pads are directly connected to complementary pads on a small PCB using a conductive epoxy. Wire bonding of microchip pads to a chip holder is also commonly used, e.g., [16] . The PCB, in turn, has an array of terminal pins that conveniently plug into a socket array of a multi-channel potentiostat head stage to facilitate use and replacement of the disposable electrode array cassette. Since the microchip only has conductors on one side, direct bonding means the working electrodes face the PCB in a Bflip-chip^configuration [35] . Therefore the PCB has a centimeter-sized hole to allow access of cells and solution to the working electrodes. Since the bath solution must not contact the PCB nor the connection pads, some sort of waterproof material needs to be added to constitute a bath chamber. In the example depicted in Fig. 3 , a 3D-printed chamber sleeve is inserted through the hole in the PCB and bonded to the chip surface with a waterproof adhesive. This printed part also serves as the overall enclosing package for the cassette device. It is relatively straightforward to pattern many thousands of electrodes on a square centimeter-sized microchip using photolithography, thus enabling massively parallel recordings of quantal exocytosis from many individual cells. However, a fundamental issue for multielectrode arrays is that each electrode normally requires a dedicated amplifier to measure the signal from each cell independently. In the case when the potentiostats are external to the chip, there are practical limitations to the number of electrodes that can be recorded from due to the cost and complexity of developing instruments with many dozens of potentiostats as well as making all the connections through microchip bonding pads. Approaches to reduce the number of external connections and amplifiers include placing multiplexer electronics on the microchip [27] , or addressing banks of electrodes isolated from each other in separate fluid compartments [95] .
The ultimate solution to enable recording of quantal exocytosis from thousands of cells simultaneously is to integrate the potentiostats directly on the microchip and multiplex the data stream [6, 7, 46] . For example, a CMOS device with a 10 × 10 array of electrodes with accompanying potentiostats was recently reported that is capable of recording quantal exocytosis [46] . Each potentiostat takes up only~500 μm 2 of space on the chip [6] , and the noise performance is comparable to a patch-clamp amplifier [7] . CMOS devices are often fabricated using services such as the MOSIS Integrated Circuit Fabrication Service (Marina del Rey, CA) and then require post-processing steps to pattern electrochemical electrodes on the surface of the chip and to package the die into a recording chamber [7, 40, 46, 70] .
It should be noted that the silicon substrate for CMOS devices is opaque; therefore, these devices do not support simultaneous fluorescence imaging of cells with an inverted microscope. Therefore lower-density electrode arrays on a transparent substrate are more convenient for single-cell experiments that combine fluorescent imaging with amperometry, whereas CMOS arrays will likely become the platform of choice for truly high-throughput measurement of changes in quantal parameters. In addition, high-density electrode/potentiostat arrays may be essential for reliable onchip recording of quantal exocytosis of catecholamines from cultured neurons where the release sites may be dispersed at random locations across the chip surface. In this case, a very large number of electrodes increase the odds that an electrode is in the immediate vicinity of a release site.
Electrode materials
A fundamental property of all electrochemical working electrodes are that they are Bpolarizable,^i.e., the voltage difference between the electrode and the solution drops within atomic distances from the surface of the electrode, creating an intense and highly localized electric field. A prerequisite for this is that background reactions at the electrode surface are minimal, as evidenced by a low background current, so that shot noise and iR voltage drops in the solution are low. So having a low background current over a wide window of applied potentials is a desirable property for electrode materials. In addition, for low-noise current measurements, it is desirable that the admittance/capacitance of the electrode is low for the given area [94] , which is achieved by making the electrode surface atomically smooth. A uniformly clean electrode surface is also important to ensure fast electrontransfer kinetics and good signal-to-noise ratio.
Other desirable properties of electrochemical working electrodes specific to cell measurements of quantal exocytosis are that the electrode material should not be toxic and ideally should promote cell attachment (described in BLocalizing cells to electrodes^section). Transparent electrode materials are advantageous for combining amperometry with fluorescence imaging. It is also desirable that the electrode material is not costly to fabricate and is robust and cleanable to support multiple uses.
To meet these requirements, a number of working electrode materials have been tested for detecting quantal exocytosis including noble metals (platinum, gold), indium tin oxide Top left, a wafer produced using photolighography is diced into individual chips (top middle) whereas the working electrodes that contact cells represent a small fraction of the chip typically in the middle (top right). Bottom left, the chip is electrically and mechanically connected to a PCB using conductive epoxy at each of the bonding pads located around the perimeter. A hole in the PCB allows the side of the chip with the electrodes to be exposed in a Bflip chip^configuration. Bottom right, the PCB is attached to a plastic carrier that serves as the fluid chamber bonded to the chip surface through the hole in the PCB. Header pins are used to connect the PCB to the multi-channel amplifier socket (ITO), and carbon-based materials (boron-doped diamond (BDD), diamond-like carbon (DLC), carbon nanotubes (CNTs), and conductive polymers). We will briefly describe how electrodes are tested and then summarize results relevant to measurements of quantal exocytosis.
Testing electrodes using cyclic voltammetry Directly testing the oxidization of catecholamines on an electrode is complicated because catecholamines undergo cyclization reactions following oxidation and can passivate the electrode upon polymerization on the surface. Therefore alternative analytes are typically used for electrode tests. For example, the test analyte ferricyanide (Fe(CN) 6 ) is easily reduced to ferrocyanide to form a readily reversible, well-behaved redox couple. Cyclic voltammetry is commonly used, whereby the applied potential is ramped between two limiting values while the current is recorded (Fig. 4a ). As the potential is ramped in the negative direction, a clean electrode with fast electron-transfer kinetics will show a steep transition at~0.2 V (relative to a Ag/AgCl reference electrode) as reduction of ferricyanide occurs. The current peaks, then declines in magnitude as the ferricyanide near the surface of the electrode becomes depleted and the current reaches a quasi-steady-state value (I lim ) limited by the rate of diffusion of the analyte to the electrode surface. I lim can be used to estimate the effective size of the working electrode. For a disk electrode on an insulated plane, the diffusion-limited current is given by:
where F is Faraday's constant, D is the diffusion coefficient for the analyte, C is the concentration of the test analyte, and r is the radius of the disk electrode. Thus measurement of the limiting current can be used to determine the Beffective^elec-trode radius that is compared to the expected working electrode radius patterned using photolithography. Figure 4a presents sample cyclic voltammograms for 20 μm diameter microchip electrodes fabricated from ITO, Au, and DLC:N. Electron-transfer kinetics are comparable among the films and generally faster than for carbon-fiber electrodes ( [96] and our own unpublished measurements) perhaps due to oxygenated edge planes on CFEs [44] . Values of I lim are similar among the tested electrode materials and consistent with the value expected from the diffusion equation, verifying the active size of patterned electrodes.
Measurement of the electrode double-layer capacitance is also an important method to validate the working electrode area and the integrity of the insulating film. Whereas the electrode capacitance varies with the test method/frequency, the test solution, and the method of fabrication, a typical value is 0.15 pF/μm 2 in physiological cell bath solution measured at 1 kHz [59] . Excessive measured capacitance can indicate cracks or pinholes in the insulation and is accompanied by larger background noise.
Background currents Au has a background current that rises precipitously above~0.65 V (Fig. 4a) , presumably due to oxidation of chloride [96] . Therefore, a potential of + 0.6 V (vs Ag/AgCl) is commonly used for amperometeric measurements of catecholamine exocytosis with Au electrodes. At this potential, the background current in physiological bath solution is somewhat larger for noble metals (~0.1-0.3 pA/μm Optical transparency Fluorescent measurements from cells are desired to measure cell [Ca 2+ ] i , evaluate expression of GFP, monitor exocytosis of labeled vesicles using TIRF microscopy, and other applications. These optical measurements are most conveniently carried out using inverted microscopes, so it is desirable to use optically transparent electrodes. ITO electrodes have been used as a classical transparent yet conductive material. It also has reasonable electrochemical properties and is suitable for recording quantal exocytosis [2, 17, 48, 57, 81] . The transmittance of a 100-nm-thick ITO film is~80% at 360 nm rising to > 90% for wavelengths above 400 nm.
Diamond is also highly transparent over a wide range of wavelengths, and can be doped with boron to become conductive while maintaining reasonable transparency (see [15] for a review). Examples of 350 nm thin boron-doped electrode layer grown on undoped nanocrystalline diamond date back to 2010 [31, 32] . BDD exhibit outstanding electrochemical properties, such as a broad working potential window (> 3 V), which enhance species detection to high anodic overpotentials, unreacheable by noble metals or glassy carbon electrodes, low background current, high signal-to-noise ratio, resistance to fouling [47] , stability under anodic and cathodic polarization which is useful for detecting reducible species, inertness, and long life time [53, 61, 80] . BDD has been grown on silicon substrates by chemical vapor deposition [43] , and successively replaced by sapphire and glass to improve optical interfacing [11] . More recently, high-temperature glass was used for diamond growth instead of sapphire or quartz. This strategy resolved issues of delamination and fractures and increased transparency by 50% in the visible to the near-UV range, thus allowing the excitation of fluorescent probes [15, 36] . An additional method for BDD electrode fabrication consists in growing BDD electrode on a silicon substrate and bond the BDD electrode to a CMOS device with benzocyclobutene, followed by etching processes and deposition of connecting metals. An advantage of this method is that it allows integration of BDD electrodes with CMOS or other microfabrication processes which may be damaged during the conventional BDD fabrication process [40] .
DLC is a material with a mixture of carbon atoms in either the sp 2 (graphite) and sp 3 (diamond) hybridized states and therefore has properties intermediate between graphite and diamond. It is simpler to fabricate (e.g., using magnetron sputtering) compared to diamond and forms a hard, chemically inert film that is semi-transparent and modestly conductive. Nitrogen doping (DLC:N) during deposition increases the conductivity of the film and deposition on top of ITO results in a highly conductive material with the surface properties of DLC. The transmittance of a 40 nm DLC:N film on top of a 100 nm ITO film is~70% at 400 nm. DLC:N has good electrochemical properties and has been used for measurements of quantal exocytosis [29, 48, 75] .
Finally, metal films are partially transparent if they are very thin. A transmittance of 50-70% was measured at 400 nm for a 13-nm-thick Au film and quantal exocytosis has been measured on these Au films [48] . It should be noted, however, that such a thin film is not mechanically robust and therefore not suitable for aggressive cleaning and reuse.
Ease of fabrication and cost The material costs for Au and Pt are substantially higher than for ITO, BDD, and DLC:N, although the cost of the materials is often not a substantial fraction of the total device fabrication cost. Noble metals, ITO, and DLC:N are straightforward to deposit and pattern, although care must be taken when developing processes not to inadvertently remove DLC:N during plasma etching of insulating films. BDD requires somewhat more specialized equipment to deposit via hot filament or microwave plasma chemical vapor deposition [54] .
Sensitivity for amperometric measurement of quantal exocytosis There are reports of differing sensitivities among electrode materials for measurement of quantal exocytosis. An early report from the Amatore group indicated that an ITO electrode below the cell recorded charges per amperometric event that averaged over twofold larger than that measured with a CFE at the cell apex [4] . This was interpreted as reflecting differences in exocytosis between the apex and the base of the cell. Surprisingly, though, amperometric spikes were reported to be~50% smaller (peak amplitude and charge) for ITO electrodes compared to Au or DLC:N electrodes in paired recordings from the cell base [48] . This was followed up with chronoamperometry experiments with known concentrations of analytes to reveal that the apparent number of electrons transferred per catecholamine molecule ranged from 2.0 to 2.7 for epinephrine on CFEs, DLC:N, or Au electrodes, but was only~1.5 for ITO [48] . The reason for the lower oxidation yield of epinephrine on ITO is unclear. A yield of greater than two electrons per epinephrine molecule may be due to cyclization reactions that follow the initial oxidation [20] and may be captured on some electrode surfaces better than others. Thus care must be taken when comparing measurements of quantal exocytosis between different types of electrodes and differing recording configurations.
Alternative materials and surface modifications Chemical modification of Au electrodes with mercaptopropionic acid has been used to improve the resistance of Au electrodes to fouling by dopamine electropolymerization [78, 79] . Screen printed carbon electrodes have been used to detect quantal exocytosis and can be fabricated without the need for specialized photolithography equipment [91] . Polypyrrole graphene electrodeposited onto Pt electrodes has been used to detect quantal exocytosis [87] . CNTs have been added as a surface modification to electrochemical sensors and are reported to be excellent substrates for cellular growth, exhibit high electrical conductivity and chemical stability (see [42] for a review).
CNTs deposited on ITO electrodes have been used to detect quantal exocytosis [76] from individual PC12 cells as well as global dopamine release and action potentials from striatal s l i c e s [ 8 2 ] . T h e co nd uc t i v e p oly m er po l y( 3, 4-ethylenedioxythiophene) (PEDOT) doped with poly(styrene sulfonate) has high transparency, flexibility, and biocompatibility [60, 71] and has been shown to be suitable for amperometric detection of release [49] , including quantal exocytosis [93] . Microstructured graphitic multielectrode arrays embedded in a single-crystal diamond were realized as sub-superficial conductive micropaths by means of a deep ion beam lithography technique: by focusing ion beam writing through variablethickness masks, the approach allows to regulate the depth at which the channels are formed and their emergence at specific locations of the sample surface [65, 66, 68] . Micrographitic arrays can detect quantal exocytosis from isolated cells and adrenal slices, and are sensitive enough to distinguish full fusion from stand-alone foot signals [45, 67] .
Insulating materials
Just as CFEs are insulated except for the working electrode at the tip, conductive films on the microchip must be insulated everywhere they contact the bath solution except for the small working electrodes in order to reduce the capacitance and the background noise level. Ideally the insulating material should be free of cracks and pinhole defects, bond tightly to the chip, be biocompatible, and robust enough to support long-term culture, cleaning, and reuse. Conventional photoresist can be used as an insulator [17, 25] , but is not long-term stable in solution. Bonding a slab of PDMS with an integrated channel placed at right angles to a conductive strip has been used to serve as both the insulation and a microfluidic channel [81] . Conventional inorganic films that have been used to insulate electrodes include SiO 2 (e.g., [10, 16] ), Si 3 N 4 (e.g., [87] ), or alternating SiO 2 and Si 3 N 4 layers in order to prevent pinhole and stress defects [92] . Teflon AF films have been used as an electrical insulator that also inhibits cell attachment, and thus promotes cell alignment to the working electrodes [9] . The thick, hard photoresist SU8 is perhaps the most popular insulating material in recent studies. SU8 is appealing because openings can be directly patterned using photolithography and, once cured, it is a hard, stable, epoxy-like film that can be cleaned and reused. A drawback is that SU8 contains the toxic element antimony, although biocompatibility studies demonstrate that well-cured SU8 exhibits minimal cytotoxicity [62] .
Determinants of noise
Amperometric spikes resulting from quantal exocytosis are very small in amplitude and charge, especially from small vesicles, therefore attempts to minimize background noise are important. The potentiostat can be the dominant noise source, particularly if it is not designed for pA-level measurements and, in any case, for electrodes smaller than several square micrometers in area such that the electrode noise becomes very small. Instruments with GΩ-magnitude feedback resistors, such as found in patch-clamp amplifiers, are best for measurement of small signals because of their low thermal noise.
Under careful recording conditions, and for electrodes with areas ranging from several square micrometers to many hundreds of square micrometers and bandwidths up to several kilohertz, the dominant source is thermal noise at the electrode surface [94] . Thermal noise is found in all processes that dissipate energy through a resistive pathway and is white in spectrum, i.e., uniform in intensity across a wide range of frequencies. Whereas an ideal electrochemical electrode behaves as a capacitor rather than a resistor, real-world electrodes are modeled by a Bconstant phase element^with electrical properties intermediate between those of a capacitor and a resistor [21, 94] . The phase shift between an applied voltage sinusoid and the resulting current sinusoid (phase of the admittance) is ideally 90°for a purely capacitive electrode (i.e., the real component of admittance is zero), in which case it will not exhibit thermal noise. However, actual electrodes have admittance phases slightly smaller than 90°, denoting a resistive component that contributes noise. The thermal noise for a given electrode area depends on the material used, the method of fabrication, and the cleanliness of the surface. In a recent study, the rank order of thermal noise for different electrode materials was Au~carbon fiber > diamond-like carbon > indium tin oxide [94] .
The standard deviation of thermal current noise scales with the square root of the working electrode area and also approximately with the square root of the bandwidth of the recording [94] . This motivates making the working electrodes small and atomically smooth and low-pass filtering the signal with a cutoff frequency no larger than is necessary to preserve the dynamics of the spike.
Measuring very fast release events such as from dopaminergic neurons requires bandwidths exceeding several kilohertz [69] , at which point non-thermal noise sources can become dominant. In particular, small fluctuations in the electrode voltage introduced by the amplifier lead to fluctuations in the measured current that increase with frequency [77] because the admittance of the electrode, like a capacitor, increases linearly with frequency. This Binput-voltage-capacitancen oise is also the dominant noise source even at modest bandwidths for electrodes with areas greater than several thousand square micrometers [57, 94] . Therefore high-bandwidth recordings are best carried out using potentiostats with low input voltage noise, such as patch-clamp amplifiers [77] . In addition, input-voltage-capacitance noise has a standard deviation that increases approximately linearly with the area of the electrode [57, 81, 94] , therefore minimizing the area of the electrode, as well as other sources of input capacitance, is particularly important for high-bandwidth measurements.
Localizing cells to electrodes
For measurement of quantal exocytosis using carbon-fiber electrodes, the cells are normally adhered to the bottom of the recording chamber and a micromanipulator is used to position the electrode adjacent to the cell surface while under observation with a microscope. For microchip electrodes, the situation is usually the opposite where the electrode is fixed and a cell needs to be positioned immediately adjacent to it (although see [90] for an interesting example of a microchip electrode array that is manipulated to a cell). Constraints include that at least a portion of the cell surface needs to be directly adjacent (within several micrometers) to an electrode in order to resolve amperometric spikes without excessive temporal broadening due to diffusion [18, 72] . It is also highly desirable that only one cell is adjacent to each electrode so that the statistical parameters derived from the recorded spikes are from a single cell [22] .
A straightforward approach is to use a micropipette to pick up a cell and then precisely position the cell to the appropriate location with a micromanipulator (e.g., [38, 86] ). However, this is a time-consuming process and cell damage may occur, for example, the cell will often undergo exocytosis in response to mechanical stimulation alone.
On-chip microfluidic dams or constrictions have been used to trap cells adjacent to electrodes for measurement of quantal exocytosis (Fig. 5a , [26, 30, 33, 79] ). Limitations of these approaches are that it is challenging to trap only one cell near an electrode and cells are likely to become mechanically distressed when trapped by a microfluidic constriction.
Modifying the surface chemistry of microchips has also been used to target cells to electrodes. In this case Bcytophilicm aterials that promote cell attachment are used on electrodes whereas Bcytophobic^materials that discourage cell attachment are used between electrodes so that cells are free to move (passively or actively) to electrode attachment sites. Fortunately, thin film that is typically use to promote cell attachment, such as collagen [57] and polylysine [52] does not passivate electrochemical electrodes. In addition, cells show variations in how well they stick to electrochemical electrode materials, e.g., chromaffin cells adhere in rank order to diamond-like carbon > indium tin oxide, Pt > Au [75] . Materials that discourage cell attachment presumably do so by blocking adsorption of proteins that interact with cell receptors or extracellular matrix. Examples include polyethylene glycol [52] and teflon AF [9, 75] . A study from the Gillis lab and collaborators demonstrates that teflon AF can be used as an effective insulating material that also facilitates concentration of cells to electrode areas on the chip [9] .
Microwell traps are an effective method for targeting single cells to electrodes and also help prevent loosely adherent cells from washing away from the electrode during perfusion of the bath solution. For these devices, the insulation on the chip is relatively thick,~10 μm, so that a cell-sized opening over the conductor creates a microwell cell trap over the working electrode (Figs. 2 and 5c ). SU8 photoresist is a convenient material for this application because the thickness can be tailored, it cures into a hard, stable insulating material, and it is directly patterned with photolithography to open the holes. Addition of a very high density of cells leads to a high probability that a cell occupies each microwell whereas the microwell is too small to contain multiple cells, so single-cell recordings are assured.
The surface chemistry of SU8 can be modified in a straightforward manner to make the surface resistant to cell attachment so that cells are selectively targeted to the microwell electrodes. Stamping the surface of the devices with polydopamine results in an adherent film that is readily grafted with a high density of polyethylene glycol through a Schiff base reaction (Fig. 5c, [52] ). Subsequently, a polylysine solution is added and selectively adheres to the electrode surface at the bottom of the microwell to promote cell adhesion. Figure 5d demonstrates effective loading of cells into microwell electrodes with few cells remaining outside the microwells following a washing step [52] .
Loading of individual cells onto electrodes requires disruption of cell clumps, particularly for the case of microwell electrodes. This is straightforward if cells are loaded onto the devices directly after preparation, since clumps are disrupted during enzymatic treatment and trituration. However, cell clumping is a significant issue if cells are cultured in flasks for some days before seeding on the microchips for an acute experiment. In order the prevent chromaffin cells from clumping, the Gillis lab cultures chromaffin cells in a refrigerator (4°C) in Hibernate A media (BrainBits LLC, Springfield, IL, USA) in a refrigerator for use 1-6 days after preparation [52] .
Stimulating exocytosis on microchip devices
Once cells are localized to electrodes, they need to be stimulated to undergo exocytosis. Cells placed on electrodes using a micropipette undergo exocytosis, likely due to a mechanically stimulated process [38] . However, triggering exocytosis through pathways with clear physiological relevance is desirable. The most common method is to perfuse a solution containing a secretagogue, such as a high K + solution, that induces depolarization of the cell, Ca 2+ influx, and Ca
2+
-dependent exocytosis. A number of MEAs for detecting quantal exocytosis have been integrated with microfluidics to facilitate solution exchange (e.g., [17, 26, 50, 79, 81] ). One complication with solution perfusion is that cells may be washed away, or at least move slightly relative to the electrode, which could potentially affect the recorded spike dynamics. Therefore, it is important that cells either be tightly adhered to the substrate or mechanically constrained, such as in a microwell. Another disadvantage of using common perfusion systems is that the rate that the stimulus can be turned on and off is limited, thus constraining dynamic information about stimulus-secretion coupling. In addition, the secretagogue concentration and time course may differ from cell to cell depending on their position in the perfusion stream. This has motivated the development of alternative on-chip methods to trigger exocytosis.
The Gillis lab has recently reported an approach to electrically stimulate cells using the same working electrode that is used to record quantal exocytosis [34] . Brief voltage pulses are applied, which induce capacitive currents and voltage gradients as these currents pass through the solution adjacent to the electrode. Whole-cell patch-clamp recordings of membrane potential in current clamp mode demonstrate that electrode stimulation induces action potentials in an all-or-nothing manner in an overlying cell (Fig. 6a, [34] ). This raises the exciting possibility of measuring the secretion response to paced electric-field-induced action potentials. However, electrode voltage pulses, particularly applied in trains, often lead to a precipitous drop in membrane impedance presumably due to electropermeabilization, and a massive burst of amperometric spikes (Fig. 6b, [34] ). The spikes have charges and time courses similar to depolarization-evoked exocytosis, so they presumably reflect vesicle-release events, although it is possible that they result from vesicle lysis on the electrode surface [63] rather than normal exocytosis. Surprisingly, electropermeabilization-induced exocytosis is dependent on the presence of Cl − in the bath solution, but not Ca 2+ [34] . It should be noted that electronic modification of the potentiostat is necessary for it to pass sufficiently large currents through the electrode without saturating during stimulation [8, 34] . Transient single-cell electroporation may offer the opportunity to introduce membrane-impermeant substances into a cell.
Electrically evoked stimulation of exocytosis has also been obtained by means of BDD electrodes, resulting in amperometric signals comparable to those evoked by extracellular KCl-enriched solution [35] .
On-chip optical stimulation of quantal exocytosis via photorelease of caged Ca 2+ has also been demonstrated [17] . Cells are loaded with the membrane-permeant acetoxymethyl ester derivatives of the Ca 2+ cage NP-EGTA together with the Ca 2+ indicator dye fura-4F and placed on transparent indium tin oxide electrodes fabricated on glass coverslips. Flash photolysis of the cage leads to Ca 2+ -stimulated exocytosis measured by the underlying electrode, whereas the concentration of Ca 2+ in the cell is reported with fluorescent measurements of fura-4F using alternating-wavelength excitation with a monochromator (Fig. 6c, [17] ). The illumination and recording apparatus have apertures so that stimulation and measurements are restricted to an individual cell. This approach is particularly powerful because it allows the experimenter to directly probe the relationship between intracellular Ca 
Multisite subcellular detection of exocytosis
It is desirable to resolve the site of exocytosis on the cell surface in order to identify hot spots of secretory activity and to understand how spatial patterns of exocytosis change with an experimental maneuver. It is also important to resolve the location of release using electrochemical electrodes so the information can be correlated with fluorescence imaging techniques that provide complementary information about the release process.
Two types of approaches have been used for subcellular electrochemical localization. The first approach uses small, micrometer-scale electrodes patterned close together so that a number of electrodes will contact the surface of a single cell [51, 90, 97, 98] . The electrode that receives the signal identifies the site of release on the cell surface, thus the spatial resolution is essentially determined by the size of the electrode.
For example, the Ewing lab developed a movable microelectrode array probe, consisting of 16 platinum band electrodes on borosilicate glass, to detect quantal release from bovine chromaffin cells. In this case, were tightly packed along two opposite rows within a 20 μm × 25 μm square area [90] . Another example is an array of nine rectangular electrodes patterned within a circular opening of 20 μm diameter fabricated from boron-doped nanocrystalline diamond grown on sapphire. This microarray was suitable for distinguishing variable secretory activity over the cell membrane with maximal resolution of 12 μm 2 , corresponding to the area of the smallest electrode [35] . More recently, a different geometry has been proposed using BDD grown on high-temperature glass: the prototype consisted of 12 roundshaped sensing electrodes (2 μm diameter) within a total area of ∼ 300 μm 2 , approximately corresponding to the area of a chromaffin cell [36] . Further improved spatial resolution has been achieved using planar platinum ultramicroelectrodes (UMEAs). In his case, arrays with 16, 25, and 36 square microelectrodes (respectively of 4, 3, and 2 μm width), concentrated in a square area of 30 × 30 μm 2 , were suitable to perform multisite recordings from PC12 cells [85, 86] . With this approach, subcellular heterogeneity of exocytosis could be monitored with 2 × 2 μm 2 resolution by the 6 × 6 UMEA. A limitation of these electrode array approaches is that the maximum packing density of electrodes, together with the conductive traces needed to carry the signal, is about a dozen per PC12 or chromaffin cell, therefore this approach is unlikely to ever match the resolution of optical imaging techniques.
A second approach pioneered by the Lindau lab is to arrange three or four electrodes in a cell-sized area with a gap in the middle [25, 38] . If release occurs in the gap, several electrodes will capture a portion of the catecholamine with the nearest electrode reporting the largest signal. Comparing the relative charge detected by each electrode with diffusion simulations for the specific electrode geometry identifies the release site on the cell surface. The spatial resolution of this approach is not limited to the size of the electrode and submicrometer resolution is possible. Drawbacks of this approach are that the transmitter typically diffuses several micrometers before contacting one or more of the electrodes, so diffusional broadening occurs and signals can be small and slow. Only release from the portion of the cell in the electrode gap can be resolved because precise localization cannot occur if the signal is detected in only one or two electrodes. Also, the approach is complicated in that it requires correlating signals between several electrodes and performing diffusion simulations for each device. Table 1 summarizes some of the features of multisite microchips reported in the literature.
Combination of optical and electrochemical measurements of quantal exocytosis
Microchip devices to measure quantal exocytosis can enable simultaneously fluorescent imaging of the vesicle-release site, something that is not possible using carbon-fiber microelectrodes. The advantage of such a combination is that powerful fluorescent tools which track vesicle docking and release, or protein location or protein conformational changes (via FRET), can be combined with sub-millisecond resolution of fusion-poor opening and release via amperometry. This potentially enables the molecular steps of vesicle docking, priming, fusion, cargo release, and fission to be resolved at the singlevesicle level with a time resolution that exceeds that of typical video rates [99] .
A straightforward way to combine imaging and electrochemical measurements is to use a thin cover glass substrate with transparent electrodes, and then image the cell through the electrode using an inverted microscope (Fig. 7a) . Total internal reflection fluorescence microscopy is a particularly BD-NCD boron-doped nanocrystalline diamond, DLC diamond-like carbon, ITO indium tin oxide effective imaging approach when combined with on-chip electrodes because it selectively illuminates the bottom surface of the cell with the evanescent field and the electrode electrochemically measures release from the same area of the membrane [48, 56] . Figure 7 presents an example where a spot labeled with the false fluorescent neurotransmitter FFN511 [37] disappears in synchrony with the appearance of an amperometric foot signaling opening of the fusion pore. In these measurements, the fluorescent and amperometric events need to be clearly coincident in time in order to assign them to the same vesicle-release event with high confidence. Therefore the frequency of release events must not be too high to minimize incorrect pairing of fluorescence and amperometric events and the fluorescent signal resulting from exocytosis, e.g., release of fluorescently labeled cargo from a vesicle, needs to be clearly resolved in the images.
BElectrochemical imaging^ [38] is a clever approach to enable pairing of fluorescence and electrochemical signals originating from quantal exocytosis with high confidence [99] . As explained previously, this approach allows approximate identification of the location of the release site based upon the relative charge from a single release event detected in at least three electrodes arranged around the cell. This facilitates combination of electrochemical detection with imaging in two ways. First, electrochemical imaging is carried out in regions between several electrodes, so the electrode is not in the way to attenuate the fluorescent signal. (Even mostly transparent electrode materials lead to some loss of light [48] .) Second, fluorescent changes do not need to be obvious for them to be included in the analysis. For example, subtle fluorescent changes that would otherwise escape detection can be resolved by averaging many release events in the regions of interest identified by electrochemical imaging [99] . Event correlation microscopy, another innovation from the Lindau lab, enables measurement of changes in fluorescence in synchrony with amperometric release with a temporal resolution much higher than that of the video frame rate [99] . The amperometric spike is used as a synchronization marker for a fusion event with millisecond precision. The fluorescence signal originating from a region of interest identified by electrochemical imaging is measured for a handful of frames before and after the event and aligned in time with the amperometric spike. Whereas the fluorescent time course for an individual event is only reported with a temporal resolution of the frame rate (e.g., 100 ms), averaging many sequences of fluorescent frames, with the start time of each frame occurring at random times relative to the amperometric spike, results in an averaged fluorescent signal that can achieve a temporal resolution of~2 ms if the fluorescence signal-to-noise ratio is good [99] . This has enabled the discovery that a conformational change in the SNAP-25 protein, reported as a change in FRET, precedes the opening of the exocytotic fusion pore by~90 ms and is correlated with fusion pore opening, not dilation [99] .
Conclusions and future directions
Microchips for quantal exocytosis have been shown to be a sensitive platform for subcellular identification of release sites, high-throughput detection of release from dozens of cells simultaneously, and combination of amperometric and TIRF imaging. The greatest promise of these microdevices is their ability to integrate two or more approaches to gain insight into exocytosis. This promise will be fully realized as these devices evolve from early-stage prototypes to fully fledged systems that are disseminated to a multitude of research laboratories to serve as attractive tools for basic and applied research.
